The immune systems of wild rats and of laboratory rats can been utilized as models of the human immune system in pre-industrial and post-industrial societies, respectively. In this study, lymphocyte phenotypes in wild rats were broadly characterized, and the results were compared to those obtained by us and by others using cells derived from various strains of laboratory rats. Although not expected, the production of regulatory T cells was not apparently different in wild rats compared to laboratory rats. On the other hand, differences in expression of markers involved in complement regulation, adhesion, signaling and maturation suggest increased complement regulation and decreased sensitivity in wild-caught rats compared to laboratory rats, and point toward complex differences between the maturation of T cells. The results potentially lend insight into the pathogenesis of post-industrial epidemics of allergy and autoimmune disease.
INTRODUCTION
A wide range of differences in the immune systems of individuals in post-industrial cultures and those in pre-industrial cultures have been elucidated. 1 In general, these differences reflect a relative degree of unresponsiveness of the immune system of individuals from preindustrial cultures. 1 One of the net effects of this difference is a profound susceptibility to autoimmune diseases and allergic disorders in post-industrial countries that is not found in pre-industrial culture. [2] [3] [4] Autoimmune disease and allergy affect as much as 6% and 12%, respectively, of the population in countries with clean drinking water, effective sewer systems and modern medicine. 5 In the United States, alone, it is estimated that eight million people suffer from autoimmune disease, and 40-50 million people suffer from allergies. 5 Although a large number of differences between pre-and postindustrial culture might account for differences in the immunology of individuals from these respective societies, a wide range of evidence points toward loss of certain components of the 'human biome', the ecosystem of the human body, as the primary causative factor. [6] [7] [8] [9] For example, one component depleted from the human biome is vitamin D, the production of which is hampered by indoor work environments. Widespread deficiency in vitamin D may play a critical role in the lack of immune health plaguing post-industrial society, 10 an idea consistent with available epidemiology and with current understanding regarding the cellular and biochemical roles played by vitamin D in the body. However, a wide range of data from the fields of medicine, epidemiology, evolutionary biology and immunology point toward the idea that a loss of helminths from the human biome is the most pressing factor affecting the immune system in post-industrial culture. 11 The most direct and compelling line of evidence for this view is that removal of helminths from individuals leaving pre-industrial populations leads to the development of an immune system characteristic of post-industrial culture, complete with heightened sensitivity and a propensity for hyper-immune-associated disease. 1, 12 Another compelling line of evidence is the observation in both laboratory rats and in humans that restoration of helminths to the biome leads to attenuation of allergic and autoimmune disease. [13] [14] [15] [16] [17] [18] These observations derive ample support from molecular studies, with the observation that helminths release a variety of immunosuppressive substances. 6, 14, 19, 20 Further, evolutionary considerations point toward the idea that co-evolution of helminth and host over many millions of years 21, 22 has probably left both parties dependent on the other.
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'The Biome Depletion Theory' provides an explanation for immune hypersensitivity within the ecosystem of the human body, the human biome. Although a number of factors, particularly genetic predisposition and environmental 'triggers' (e.g., viral infections, pollutants and a wide range of otherwise harmless antigens), clearly play a role in the etiology of hyper-immune-associated disease, these factors have remained largely unchanged for the past few centuries, and thus do not by themselves account for the epidemiology of post-industrial disease. Despite an ever increasing understanding of the nature and pathological consequences of biome depletion, the immunological consequences of biome depletion remain to be elucidated in detail. Since exposure of laboratory animals to helminths results in the production of regulatory T cells, 20, 23 which subsequently modulate the immune response, it might be hypothesized that T regulatory cells are expressed in greater quantity in biome normal populations, thus accounting for the lack of autoimmune disease and allergy in those populations. However, this hypothesis remains untested.
Wild-caught rats have been used as a model system in which the immune system in the presence of a 'normal' biome (i.e., one in the absence of modern sanitation and health care practices) can be studied. 24, 25 A comparison of the immune system of wild-caught rats with that of laboratory rats might provide some indication of the effects of biome depletion on the immune system, although some inherent limitations are evident in such a comparison. For example, the genetic makeup of wild rats is substantially different from that of lab rats 26 and wild rats are undoubtedly exposed to different levels of physical activity and stress than are laboratory rats. These and other factors unrelated to the biome undoubtedly influence the immune system. On the other hand, it is possible to control the diet of wild rats to a large extent, and some account can be taken for differences in genetics by using a wide range of laboratory rat strains. Despite inherent limitations which cannot be accounted for, parameters associated with immune function in wild rats, including immunoglobulin levels and immune cell responses in vitro, apparently reflect a state not found in 'clean' animals, including laboratory rats, laboratory mice and even humans in a post-industrial society. 24, 25 Thus, environmental factors occurring in the absence of post-industrial society apparently shape the immune system in a manner that transcends differences found between various species of rodents and perhaps even between rodents and humans. With this in mind, it seems likely that the immune system of wild rodents might serve as a model for a 'balanced' immune system that is not prone to allergies, autoimmune diseases and a variety of inflammatory mediated diseases that may include autism. [27] [28] [29] This possibility is encouraging for the field of immunology, which has traditionally relied on rodents as models for human disease.
The purpose of the study was to test the hypothesis that regulatory T cells are strongly upregulated in wild rats. For that purpose, the phenotype of T cells and B cells derived from the thymus, spleen and blood of wild-caught rats was evaluated and the results compared with results obtained using laboratory rat-derived cells. Assays on laboratory rat derived cells were run side by side with assays on wild rat-derived cells. In addition, when possible, results obtained using wild rat-derived cells were compared with published values for laboratory rats. The results point toward a variety of differences between the T cells of biome normal and biome depleted animals that might be important from a medical perspective, but do not support the hypothesis that the number of regulatory T cells is a substantial factor affecting the difference between immunity in biome depleted versus biome normal environments.
MATERIALS AND METHODS

Animals
All studies were approved by the Duke University Animal Care and Use Committee. Wild rats (N58) were caught in live traps and euthanized by CO 2 inhalation. Wild rats were obtained from food processing facilities (N55) or from urban residential areas (N53) in North Carolina. Wild rats ranged in weight from 186 to 407 g, and both males (N53) and females (N55) were used in the study. An analysis of fecal samples from the wild rats by PCR (performed by Charles River Research Animal Diagnostic Services, Wilmington, MA, USA) revealed a wide range of potential pathogens, including rat parvo virus (strain RMV), various bacteria (e.g., Beta Strep group B, Camphylocacter jejuni, Corynebacterium kutscheri, Helicobacter genus, Klebsiella pneumonia, Staphylococcus aureus), and the protozoal parasite Spironucleus muris. In addition, five out of eight of the wild rats evaluated had either active colonization with liver flukes (at least one live organism recovered from the liver) or evidence of past liver fluke colonization (focal scarring of the liver).
Male laboratory rats were obtained from Harlan Laboratories (Indianapolis, IN, USA) (WKY, N56 and Fischer 344, N51) and euthanized by CO 2 inhalation. Those animals ranged in weight from 177 to 401 g.
A very broad assessment of the cellular immunity in the limited number of animals was selected in favor of a more limited assessment of immunity in a larger number of animals. This approach is useful in identifying differences in means between groups which exceed the magnitude of the standard deviation by several folds, but is less sensitive to smaller differences. That is, the study was designed to optimize the discovery of major differences between the cellular immunity of wild and laboratory animals, not to tease out the total number of differences that might be present. Such an approach was deemed useful for several reasons. A primary consideration was that the broad assessment (discovery based approach) was attractive because cellular immunity in wild animals remains virtually uncharacterized, and thus, a narrow evaluation (based on specific hypotheses) of cellular immunity might overlook unexpected but important differences. A second but equally important consideration was that the biological significance of statistically significant but relatively small differences between laboratory and wild animals may be very difficult to ascertain in this study because of caveats unavoidably associated with the design (e.g., genetics, diet and other factors; see the section on 'Introduction'). Thus, the utilization of considerable resources to tease out the potentially very large number of relatively small differences between the cellular immunity of wild rats and laboratory rats seemed unwarranted and potentially unhelpful.
Blood and tissue processing
The first 5 ml of blood was drawn from the inferior vena cava into evacuated sodium citrate blood collection tubes (Beckton Dickinson, Franklin Lakes, NJ, USA). Blood was then diluted with 5 ml phosphate-buffered saline (PBS), pH 7.2 and layered over 3 ml of Lymphocyte Separation Media (MP Biomedicals, Solon, OH, USA). Blood was spun at 1930g for 18 min. White blood cells were removed and cells were washed with 30 ml PBS, pelleted by centrifugation at 480g for 5 min and used for immediate flow cytometric analysis.
After the first 5 ml, additional blood was drawn into clot activator blood collection tubes (Becton Dickenson), allowed to clot at room temperature, and centrifuged at 1930g for 10 min to collect sera. Sera were aliquoted and stored at 280 uC until assayed.
The thymuses were removed and cells were mechanically separated by pressing them with a 10 ml syringe plunger through a 50 mesh cell screen (BellCo Glass, Vineland, NJ, USA) in 10 ml PBS with 5 mM ethylenediamine tetraacetic acid (PBS with EDTA) to dissociate dendritic cell-thymocyte complexes. Tissue and cells were kept at 4 uC for the entire procedure. Separated cells were filtered through a 70 mm cell strainer (Becton Dickinson) and washed with 20 ml of PBS with EDTA. The filtered cell suspension (30 ml) was mixed with 10 ml Percoll pH 8.5 (Sigma-Aldrich Corp., St Louis, MO, USA) and centrifuged at 860g for 20 min. The lipid layer at the top of the tube and the supernatant were discarded. The cell pellet was washed with 50 ml PBS with EDTA and centrifuged at 480g for 5 min and cells were used for immediate flow cytometric analysis.
Intact spleens were removed carefully and cells were expressed as follows. Small holes were made in one end of the spleen with a 22GA needle. A filled 10 cc syringe with a 22 GA needle was inserted into the opposite end of the spleen and PBS was slowly introduced. The syringe was refilled and the process was repeated until most cells were expressed and spleens were whitish in color. Tissue and cells were kept at 4 uC for the entire procedure. Cells were centrifuged at 480g for 5 min and used for immediate flow cytometric analysis.
Following removal of the organs, rats were weighed on a scale to the nearest gram, and the weight of the rats prior to removal of the organs and blood was calculated for each animal based on the average percentage of weight loss upon removal of the blood and organs, which had been previously determined.
Flow cytometry
All cell types were kept at 4 uC and were processed and stained identically. Cell pellets were resuspended in 0.15 M ammonium chloride and 10 mM potassium carbonate and incubated for 2-5 min to lyse red blood cells. PBS (35 ml) was added to halt lysis and suspensions were centrifuged at 480g for 5 min. Cell pellets were resuspended in 100 mm of rat serum and incubated for 15 min to block non-specific antibody binding and then washed through a 35 mm cell strainer with PBS. Cells that were stained with mouse IgM antibodies were also preblocked with purified mouse IgM (G155-228; BD Biosciences, San Jose, CA, USA) for 15 min. Cells were washed with PBS and centrifuged at 480g for 5 min. Cell pellets were resuspended in PBS and incubated for 20 min with LIVE/DEAD Fixable Violet Dead Cell Stain (Molecular Probes, Eugene, OR, USA). Cells were washed with PBS with 1% bovine serum albumin and centrifuged at 480g for 5 min. Cells were resuspended in PBS with 1% bovine serum albumin and stained for the markers listed below.
Primary antibodies listed here were obtained from BD Biosciences unless otherwise noted: PE anti-CD3 (G4. Following primary antibody staining, some cells were fixed and permeabilized for intracellular staining of Alexa Fluor 488 anti-FoxP3 (FJK-16s; eBioScience Inc., San Deigo, CA, USA) with BD Cytofix/ Cytoperm following manufacturer's directions (BD Biosciences). Biotin-labeled cells were stained with 2 mg/ml APC-Alexa Fluor 750 streptavidin (Invitrogen Corp., Carlsbad, CA, USA). Streptavidin without biotin labeled primary antibodies and properly labeled isotype antibodies were used as controls and fluorescence minus one controls were used for FoxP3 gating.
After staining, cells were washed and fixed with PBS with 1% bovine serum albumin and 0.8% paraformaldehyde. Cells were analyzed within 24 h in the Duke Human Vaccine Institute Flow Cytometry Core Facility using an LSR II cytometer and FlowJo software.
Multiplex suspension arrays and assessment of IgE levels Sera were analyzed for multiple analytes using Procarta Cytokine Assay kits (Affymetrix, Fremont, CA, USA) except for TGF-b1, 2 and 3 and soluble CD62L (L-selectin) which were analyzed with Fluorokine Multiplex Kits (R&D Systems, Minneapolis, MN, USA). Sera were acid activated for TGF measurements and all assays were run as directed by the manufacturer. Assays were analyzed using a BioPlex reader (Bio-Rad Laboratories, Hercules, CA, USA). IgE levels were assessed by ELISA as previously described. 25 
Statistical analysis
An unpaired, two-tailed t-test was utilized for the comparison, and a Bonferroni correction was applied to account for the multiple variables analyzed. 30 
RESULTS
Assessment of antigen expression on leukocytes by flow cytometry
Representative results from the assessment of immune cell marker expression on peripheral blood lymphocytes from wild and laboratory rats are shown in Figure 1 , along with appropriate controls as described in the section on 'Materials and methods'. A summary of the differences and similarities between cell surface antigen expression on wild rat-derived cells and laboratory rat-derived cells from peripheral blood (Table 1) , spleen (Table 2 ) and thymus (Table 3) as assessed by flow cytometry are shown. A larger number of differences and more substantial differences were found in the periphery compared to the spleen, with 50% (11/22) and 36% (8/22) of the antigens assessed showing significant (P,0.05) differences in the peripheral blood lymphocytes and spleen, respectively. Appling a Bonferroni correction to the data revealed that, despite the multiple factors analyzed, 4 out of 22 parameters assessed (18%) on peripheral blood lymphocytes still fit the criteria for significance with an a50.05, whereas none in the parameters measured in the spleen did. Further, greater variation in the results was commonly observed in the wild rat-derived cells compared to the laboratory rat-derived cells, particularly in the thymus (Table 3 ). These results are described in some detail in the following sections. In addition, published values obtained using different strains of laboratory rat are described in the sections below, thus providing a broader basis for comparing the immune systems of wild rats with laboratory rats.
Regulatory T cells in wild-caught and laboratory rats
Several potentially important differences in the phenotype of wild rat T cells compared to lab rat T cells are apparent. First, there was little or no increase in the numbers of regulatory T cells in the periphery of wild rats compared to lab rats as judged by expression of FoxP3, CD25 and CD134 on peripheral T cells 31 ( Figure 2 and Table 1 ). Although there was a moderate increase in expression of CD25 on wild rat CD4 1 T cells, presumably indicating some increase in activated T cells compared to lab rats, no significant differences in expression of FoxP3 and CD134 (regulatory T cells) were noted. These results parallel a previous study in wild mice which revealed that wild mice do not express more regulatory T cells than do their laboratory counterparts, 32 suggesting that a relatively large number of circulating regulatory T cells may not be a hallmark of immunity in wild rodents.
T-cell subsets in wild-caught and laboratory rats
The relative numbers of T helper cells (CD4 1 ), cytotoxic T cells (CD8 1 ) and NK T cells (CD8 1 CD161a Hi ) as a percentage of the total peripheral T-cell population were overlapping and were not Immunity in wild-caught rats AM Trama et al 165
significantly different between wild-caught rats and laboratory rats (Table 1) in the samples studies. However, the relative numbers of these subsets in the periphery of the wild rats were more variable than in the laboratory rats (Table 1) . This picture contrasts with that found in the spleen, where the T helper was relatively fewer in number and the cytotoxic T cells were relatively greater in number in the wild rats compared to the laboratory rats (Table 2) . Unlike results found in the periphery, wild rats did not show greater variability than did Immunity in wild-caught rats AM Trama et al 166 laboratory rats in terms of the relative proportion of T cell subsets in the spleen (Table 2) .
Markers of activation and T-cell function in wild-caught and laboratory rats A number of observations indicated that the effector functions of T cells in wild-caught rats are different than in laboratory rats in peripheral blood and in the spleen. For example, the average expression of CD62L, or L-selectin, was substantially less on the peripheral T cells of wild rats compared to laboratory rats (Figure 3 ). Since human T cells shed CD62L following stimulation with IgE, 33 it is reasonable to hypothesize that the lower levels of CD62L on the wild rat-derived cells are due to the much greater levels of IgE in the wild rats, 24 and suggests that the wild rat-derived T cells are activated to a greater degree than are the lab-rat derived cells. In addition, decreased expression of CD62L, a mediator of Tcell trafficking and function, [34] [35] [36] could potentially be an important factor leading to the decreased reactivity of wild rat-derived T cells to de novo stimulation, which has been previously reported. 24 Consistent with the idea that CD62L is shed from wild rat-derived T cells upon activation, the mean level of soluble CD62L was significantly greater in wild rat-derived serum compared to lab ratderived serum (Figure 3c ). Since soluble CD62L is an effective inhibitor of leukocyte attachment to the endothelium, 37 the level The means and standard errors are shown. Values that are significant at P,0.05 are shown in bold. None of the observed results met the criteria for significance following a Bonferroni correction for assessment of multiple variables (P,0.05/n50.0023, with n522), suggesting that some of the differences observed may be due to a type 1 error. N56 lab rats and N58 wild-caught rats were used. The value given for all populations is expressed as a percentage of the parent population. The means and standard errors are shown. Values that are significant at P,0.05 are shown in bold, and values that fit the criterion for a,0.05 following a Bonferroni correction (P,0.05/n50.0038, with n513) are marked by an asterisk (*). N57 lab rats and N58 wild-caught rats were used.
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Another potential indication of altered T-cell function in wildcaught rats was a substantial expression of CD59 on peripheral CD8
1 T cells (Figure 4d ). This marker, which is involved in complement regulation, was not observed on the laboratory rat T cells in this study, consistent with results published in previous studies 38 using other strains of laboratory rat (Wistar, Sprague-Dawley and PVG/c).
Another indication of altered immune cell function in wild rats compared to laboratory rats was the observation that MHCII expression was substantially upregulated on T cells of wild-caught rats compared to lab rats (Tables 1 and 2 , see also results on B-cell/T-cell interactions described below). Such increased expression of MHCII, which is known to occur following immune activation associated with patients having autoimmune disease 39 and with rats following induction of autoimmune disease, 40 may be an indication of immune cell activation in the wild-caught rats.
Maturation markers on T cells from wild-caught and laboratory rats
The mean number of CD8 1 CD4 1 double positive cells as a percent of total T cells was substantially greater in the periphery of wild-caught rats than in lab-caught rats (Figure 4 ). This observation may be taken as an indicator that the wild-caught rats have less mature T cells in their periphery than do laboratory animals. 41 On the other hand, CD90, a marker which is expressed by relatively immature T cells, 42, 43 was expressed by lab rat peripheral T cells more so than cells from wild rats (Figure 4) . Thus, wild rat T-cell populations differ substantially from lab rat T-cell populations in their expression of maturity-associated markers, providing a complex picture of differences in maturation between the two groups of animals.
Antigen expression on thymocytes
Thymocytes from lab rats and wild rats were found to consist of similar levels of CD4 
CD8
2 cells (Table 3) . Further, in contrast to results obtained using peripheral blood lymphocytes, no differences in the level of expression of MHCII or CD81 were observed between the thymocytes of the lab rats and the wild rats. However, the distribution of CD90 was substantially different in the wild rat populations compared to the lab rat populations: greater than 95% of all thymocytes in all lab rats were CD90Hi, whereas substantial variation in the expression of CD90 in the wild rats was observed ( Figure 5 ) (P,0.0001, f-test for distribution). As in the periphery, CD90 can be considered a marker for T-cell immaturity, thus indicating that the wild rats tend to have a more mature population of thymocytes than laboratory rats in some cases.
Of particular interest was the level of CD25 expression in the thymocytes of wild rats compared to the lab rats. Thymocytes derived from most laboratory rat strains express CD25 on less than 5% of their thymocytes. 44, 45 These strains with low expression of CD25 on thymocytes include DA, Lewis, WF, BUF, LOU and PVG/c. However, F344 rats are the notable exception, having substantial levels of CD25 expression on their thymocytes. 45 One of our controls was an F344 rat, whereas the others were WKY rats, for which the expression of CD25 on thymocytes has not been previously reported. In the laboratory rats evaluated, greater expression of CD25 was observed on all thymocyte populations from the F344 rat except for the CD4
1
CD8
1 doublepositive population, in which the F344-derived thymocytes showed CD25 expression comparable to the thymocytes from three WKY rats which expressed CD25 at high levels (.80% positive).
Wild rats expressed substantially less CD25 on CD81 CD4-and CD41 CD81 thymocytes than did the laboratory controls ( Figure 5 ). However, as pointed out above, it is likely that the laboratory controls used in this study express more CD25 on their thymocytes than most Immunity in wild-caught rats AM Trama et al 168 laboratory strains, and thus, the difference in expression of CD25 on wild rat thymocytes compared to laboratory rat thymocytes may depend on the strain of laboratory rat used for comparison.
Markers of B-cell/T-cell interactions in wild-caught and laboratory rats Evaluation of factors involved in B-cell/T-cell interactions expressed on peripheral T cells of wild-caught and laboratory rats (Figure 6a-d ) reveals substantial differences between the two rodent populations. As shown in Figure 6b , CD81 expression is profoundly higher on the peripheral T cells of the wild rats compared to those of the lab rats. The CD81 molecule plays a critical role in cognate T-cell/B-cell interactions leading to Th2 responses, 46 and is critical for IL-4 synthesis. 46 However, CD81 is widely expressed and has been shown to influence numerous cellular functions in the immune and nervous systems. 47 Thus, alteration of B-cell/T-cell interactions is likely only one of several T-cell functions that is affected by changes in levels of CD81 expression. Of note is the fact that the average expression of CD86 on peripheral T cells of wild-caught rats was substantially less than in lab rats (Figure 6c) , providing another indication that T-cell/B-cell interactions may be much different in wild-caught rats than in laboratory rats. Perhaps the strongest indicator of differences in T-cell/B-cell interactions may be the sixfold greater expression of MHC-II on the T cells of the wild rats compared to the laboratory rats (Figure 6d ).
Antigen expression on B cells
CD81 directly associates with CD19 on both human and murine B cells, taking part in the CD19-CD21-CD81 signaling complex. 47 Costimulation of the B-cell receptor and this complex lowers the threshold needed for B-cell activation and proliferation. Further, in mice, expression of CD81 on B cells promotes IL-4 secretion and antibody production during TH2 responses. 48 However, rats lack CD19, indicating that CD81 in rats plays a different role than in humans and in rats. However, suppression of CD81 ameliorates experimental autoimmune encephalomyelitis and collagen-induced arthritis in rat models, indicating that CD81 does play a key role in both autoimmunity and inflammation in rats. 49, 50 Consistent with observations made in mice, 51 CD81 is expressed at higher levels on B cells as compared to T cells in both wild and lab rats (Tables 1 and 2) . However, as shown in Figure 6e , the average expression of CD81 on peripheral and splenic B cells is higher in wild-caught rats compared to the laboratory controls used in this study.
CD86 is upregulated on B cells following stimulation by IL-4 and in patients with systemic lupus erythematosus 52, 53 and CD86 stimulation leads to the production of IgG1 and IgE. 54, 55 As shown in Figure 6f , there is a moderate increase in mean expression of CD86 by wild rat B cells compared to lab rat B cells in the peripheral compartment. This greater mean expression of CD86 on peripheral B cells in wild rats might be expected given the presumably greater exposure of those rats to various antigens. Interestingly, greater expression of CD86 on peripheral B cells of wild rats was not observed in the spleen (Figure 6f ).
Correlation between various indicators of immune activation
The expression of CD62L and CD59 on peripheral T cells were strongly correlated among wild rats (r 2 50.8816). However, this proved to be the exception rather than the rule, as all other measures of activation or maturations were not well correlated. For example, the level of MHC II expression in the spleen was very poorly correlated with the level of MHC II expression in the periphery (Figure 7a ), although wild rats tended to have greater expression of MHC II in both compartments than did laboratory rats. As another example, CD81 expression on spleenic T-cells was not well correlated with MHC II expression on the same cells (Figure 7b) . Further, IgE levels were not correlated with CD86 expression on peripheral B cells (Figure 7c ), although wild rats tended to have higher IgE levels and CD86 expression than did their laboratory counterparts. These data suggest that, although the immune system of wild rats is generally more active than is the system of laboratory rats, the nature of that activation is quite variable.
Differences in levels of cytokines and chemokines in the serum of lab versus wild rats To provide additional information regarding the differences in the immune systems of the laboratory rats and the wild rats, the potential differences in an array of cytokines in the serum of the two types of rats were compared. As shown in Table 4 , the concentration of 7 out of 23 (30%) of the cytokines or chemokines evaluated were different when comparing the serum from lab rats versus that from wild rats, with five of those being significant following a Bonferroni correction for the analysis of multiple factors. Of Immunity in wild-caught rats AM Trama et al 170 particular interest were the greatly increased levels of TNF-a in the serum of laboratory rats compared to wild rats, with more than eightfold greater average concentrations of the inflammatory cytokine (P,0.001) in the serum of the laboratory rats. Wild rats, on the other hand, had higher levels of CD62L (mentioned above), ICAM and VCAM than did the laboratory rats. On note is the fact that levels of the cytokines IL-4 and IL-5 were essentially identical in the sera of the two groups, although the wild rats showed somewhat more variability in their IL-5 levels (Table 4) .
DISCUSSION
Detailed longitudinal and horizontal studies of the ecosystem of the wild rat body, the 'rat biome', show that rats are rarely parasite-free, but instead serve as hosts to several organisms, some of which are very common. 56, 57 Even laboratory rats as recently as the 1970s and 1980s were frequently colonized with a 'wide variety of organisms including pinworms, tapeworms, and coccidian'. 58 Such colonization in the laboratory might be expected since, at that time, routine monitoring for helminths was often not conducted by individual investigators maintaining their own rat colonies. For example, individual investigators maintained rat housing facilities at Tulane from 1967 to 1970 and at Duke from 1980 to 1985 with no monitoring for helminth colonization during any of that time (personal communication to WP from R Randal Bollinger).
In contrast, routine monitoring for colonization by a wide range of infectious agents and subsequent eradication of those agents is a normal part of modern laboratory practice. 59, 60 Such efforts shield the laboratory rat of today from a wide range of infectious agents that include macro-(helminths and parasitic arthropods) and microparasites (viruses, bacteria, protozoa and fungi). These modern laboratory rats thus have a biome relatively depleted of microand macroparasites in comparison with wild rats and even with laboratory rats of 30 years ago. Thus, wild-caught rodents and modern laboratory rodents can, in some regards, serve as a model for humans without modern medicine and humans with modern medicine, respectively.
Factors other than biome depletion that are altered by changing culture, including exercise, stress and nutrition, clearly play a role in modulating the immune system, and any or all of these factors may have similar effects on rat populations domesticated for use in the laboratory. For example, stress is a factor which has been long known to affect the immune system 61, 62 and excessive stress can lead to autoimmune disease. 63 Even the docile versus aggressive nature of animals may have a profound effect on the immune system. 64 Thus, the fact that laboratory rodents are bred to be docile and undoubtedly encounter very different stress-inducing factors in their environment than do wild rats probably plays an important role in the nature of their immune systems. Although the role of genetics in the immunity of wild rats 26 should not be ignored, observations regarding the differences between wild and laboratory animals strongly suggest that it is the environment rather than genetics, per se, that are the most influential on immunity in rats (see the section on 'Introduction'). However, the role of maternal immunity and epigenetics may be a very important factor in this regard, and merits further study.
The mechanisms underlying increased immune sensitivity in biome depleted environments may hold the key to treating epidemics of allergies and autoimmune diseases in developed countries. Increased IL-4 production may be a hallmark of the 'biome normal' immune system, and changes in production of this cytokine may underlie much of the increased immune sensitivity in hygienic environments. Upon stimulation, wild rat splenocytes produced this anti-inflammatory cytokine in more than 30-fold greater concentrations than did the lab rat splenocytes. 24 The increased expression of CD81 on wild rat B cells and T cells described in the section on 'Results' is likely a key factor contributing to this propensity for IL-4 production in nonhygienic populations. 46, 48 However, IL-4 levels in the serum of the (Table 4) be strongly affected by biome depletion, but also the propensity for production of some effector molecules may be profoundly different, despite steady state levels that are comparable at least in some compartments.
Based on the numbers of CD25 1 FoxP3 1 cells or CD4 1 CD134
1 cells observed, the production of regulatory T cells is not apparently greater in wild rats relative to laboratory rats. In fact, CD86, which has been used as a marker for regulatory T cells, is lower in the wild rats. Since a profound increase in production of regulatory T cells following exposure of laboratory animals to parasites is consistently observed, the present findings suggest that exposing a hygienic animal to a particular parasite may not necessarily result in the reconstitution of an immune system that resembles one that was never biome depleted. Further, consistent with previous results, 65, 66 the present results are consistent with the idea that the effect of multiple parasites on the immune system may be substantially different than the effects of a single parasite. Indeed, increasing empirical evidence suggests that 'assembly rules' may exist for the parasitic macrobiome; whereby the presence of a particular parasite may facilitate invasion or persistence of a secondary one as mediated by host immunity. 67 A consistent feature of the T cells in the wild rats was an apparent increased state of activation compared to T cells from lab rats. This was evident not only from decreased cell surface expression of CD62L and increased soluble CD62L, but also by increased expression of MHCII and CD81. With this in mind, a reasonable working hypothesis may be that it is the general state of T-cell activation and responsiveness more so than differences in the relative number of any particular population of T cells that accounts for the effects of biome depletion. Consistent with this idea are potentially important differences in cytokine levels in the serum of wild versus lab rodents (Table 4) . For example, different levels of TNF-a, IL-12 and IFN-c are likely indicators of substantially different states of T-cell activation and responsiveness. It seems very likely that the increased activation of T cells in wild rats may be directly linked to decreased responsiveness of these same T cells to a novel antigen. 24 Simply put, if a lymphocyte is responding to one antigen, it cannot respond to a second, unrelated, antigen.
The average levels of three well characterized adhesion molecules were found to be higher in the serum of wild rats than in the lab rats. Circulating CD62L (L-selectin), ICAM (CD54) and VCAM (CD106) were elevated by an average of 75%, 122% and 105%, respectively. These molecules mediate cell adhesion processes important in a wide range of immune responses, and can be released from the cell surface into a circulating form upon activation of the immune system. 37, 68, 69 Circulating CD62L inhibits cell adhesion of T cells, thus acting as an immunosuppressive agent. 36 Although the activity of circulating ICAM in vivo is not proven, a variety of evidence indicates that soluble ICAM can also downregulate an ongoing immune response. 70 Circulating VCAM, like circulating CD62L and ICAM, is capable of binding its ligand 68 and is elevated upon activation of the immune system by a variety of stimuli. 68, 71, 72 Thus, one important source of 'immunosuppression' in biome-sufficient animals may be circulating adhesion molecules, including CD62L, ICAM and VCAM. This effect may act synergistically with immunosuppressive compounds produced by helminths, 6, 19, 20 leading to further decreases in the reactivity of the biome normal animal compared to the biome depleted animal.
One finding that remains unexplained in the present study is the decreased expression of CD86 on the T cells of wild caught rats compared to laboratory rats. Decreased expression of this receptor in wildcaught rats may lead to decreased responsiveness of T cells in those rats, although this idea remains speculative. Future studies in wild rats looking at the expression of CTLA4, a receptor for CD86, may be warranted to help evaluate the role of CD86 in the immunity of wild-caught rats.
Although certain hallmarks of the immune system in wild caught rats (e.g., decreased CD62L and increased MHC II on T cells) are evident, more variability in the wild-caught rats than in the lab rats we observed in 29 parameters measured out of the 81 total. One possible explanation for increased variability of the wild-caught rats is the idea that wild-caught male rats are fundamentally different in some immune parameters than are wild-caught female rats, thus leading to greater variability seen when we pool results from males and females. Fortunately, this idea can be readily tested by separating the males and the females in the wild-rat population, and determining if there are any significant differences between the two genders. Of 29 parameters which had significantly greater variance in the wild rat population, only two (soluble CD62L and the percentage of T cells in the spleen) were found to be significantly (P,0.05) different between the males and the females. Thus, while a mixture of males and females within the population almost certainly leads to a greater degree of variability at least with some immune parameters, and evaluation of more animals would probably reveal differences between the immune systems of wild-caught males and females, it seems apparent that gender-based differences in immunity do not account for the preponderance of variability seen in the wild rat population. This conclusion is supported by the observation that the immune function of wild animals apparently transcends even species-to-species differences (see the section on 'Introduction'), and points toward environmental factors as the single most important factor driving immunity in wild-caught rats.
The fact that we live in the Information Age but have immune systems designed to work in the Stone Age presents the great challenge for the field of medicine. This challenge has reached a crisis level, with epidemics of immune related illnesses in the population thwarting attempts at a cure. 73 There is now a consensus that biome depletion induces profound changes in the immune system, and work in this area is increasing. The results described herein suggest that these profound changes are far-reaching, affecting virtually every compartment of the immune system and a wide range of cell-cell interactions. Further, these results point toward an urgent need for further research on the immune systems of non-hygienic animals (i.e., animals with a normal or naturally occurring biome) in a controlled laboratory environment.
